O n June 11, 2009, the World Health Organization declared that an influenza pandemic was under way. The pandemic H1N1 virus (2009 has a unique combination of genes from both North American and Eurasian swine lineages that has not been identified previously in either swine or human populations. 1,2 The hemagglutinin gene of 2009 H1N1 belongs to the classical swine lineage, which was first introduced into swine populations around 1918 and shares antigenic similarity with triple reassortant swine influenza viruses that have circulated in pigs in the United States for more than a decade; these strains have been associated with sporadic human disease. [2] [3] [4] The 2009 H1N1 hemagglutinin is antigenically and genetically distinct from hemagglutinins of contemporary human seasonal influenza H1N1 viruses but has greater similarity to the swine H1N1 influenza virus that caused an influenza outbreak among military recruits in Fort Dix, New Jersey, in 1976. 2, 5 This outbreak led to a national vaccination campaign in which approximately 45 million people were vaccinated. 6 Little is known about the level of preexisting immunity to 2009 H1N1 in humans, one of the determining factors for susceptibility to a novel influenza virus. Our preliminary studies suggested that children under the age of 10 years may have little or no preexisting immunity but that adults over the age of 60 years may have some level of cross-reactive antibody to the pandemic strain. 7 To inform a public health response to the pandemic, we further assessed the extent of cross-reactive antibodies against 2009 H1N1 that were present in pediatric, adult, and older adult populations as a result of previous influenza infection or recent vaccination with seasonal nonadjuvanted or adjuvanted vaccines. To better define the age distribution and possible origin for cross-reactive antibody against 2009 H1N1, we also evaluated serum samples from the general population, spanning birth decades during the past 130 years, as well as a cohort of subjects who received the 1976 swine influenza vaccine.
Me thods

Study Design
We collected stored-serum panels from vaccine trials conducted in 1976 or between 2005 and 2009 from academic, government, and industry partners. Serum samples were collected with approval from the institutional review board at each contributing institution, and written informed consent was provided. The testing of serum samples at the Centers for Disease Control and Prevention (CDC) was considered to be a public health, nonresearch activity that was exempt from human-subjects review. Details of the vaccine study cohorts and the vaccine products that were used are provided in the figure in the Supplementary Appendix, available with the full text of this article at NEJM.org. In addition, we also tested 417 serum samples that were collected anonymously in the United States, consisting of 59 samples that were collected in 1971 8 and 358 samples that were collected from July 2002 through February 2009 (for details, see the Methods section in the Supplementary Appendix).
Using a microneutralization assay and a hemagglutination-inhibition assay with 0.5% turkey erythrocytes for a subgroup of serum samples, 9, 10 we tested the samples for antibody responses to 2009 H1N1, A/California/04/2009, seasonal H1N1 viruses, and A/New Jersey/8/1976 (A/NJ/76) virus (for details about the assays and the hemagglutination-inhibition assay results, see the Methods section and Table 1 in the Supplementary Appendix). Because the microneutralization assay correlated well with the hemagglutination-inhibition assay (r = 0.7) but generally yielded higher titers and more seroconversions among vaccinated subjects, the microneutralization assay was the primary serologic test used. The seasonal influenza A H1N1 viruses and the swine influenza A/ NJ/76 virus were propagated in embryonated chicken eggs. A/California/04/2009 was propagated in Madin-Darby canine kidney (MDCK) cells, as detailed in the Supplementary Appendix.
Statistical Analysis
To estimate the value of the microneutralization titer corresponding to a hemagglutination titer of 40 (a measure that has been associated with at least a 50% reduction in the risk of infection or disease with influenza viruses in human populations), we performed a correlation analysis using linear regression models. 11-13 Analyses were performed to fit linear regression and multivariable models, to perform t-tests, and to estimate geometric mean titers (GMTs) with confidence intervals and corresponding P values with the use of SAS software (version 9.1). For analysis of the data for the 417 serum samples, we evaluated titers on the basis of the birth decade of the serum donor and computed the cumulative GMT by averaging the mean log microneutralization titers for that specific decade and preceding de cades, giving each decade equal weight regardless of varying sample sizes. A P value of less than 0.05 was considered to indicate statistical significance. (For details regarding the statistical analysis, see the Supplementary Appendix.)
R esult s
Cross-reactive Antibodies before and after seasonal influenza Vaccination
We detected little or no preexisting cross-reactive antibody against 2009 H1N1 in 124 samples from children ranging in age from 6 months to 9 years (Table 1, and Table 2 in the Supplementary Appendix). Among 13 samples from a subgroup of children between the ages of 5 to 9 years, in which prevaccination antibodies to the seasonal H1N1 virus were evident, the GMT of antibodies against 2009 H1N1 was 10; titers of 40 or more were observed in only 1 child (8%) in this age group. After vaccination with seasonal vaccine, the GMT of antibodies against 2009 H1N1 did not increase by a factor of four or more in any of the 55 children who received trivalent inactivated vaccine, although a robust response to seasonal vaccine strains was detected in 67 to 100% of the children. Likewise, no seroconversion to antibodies against 2009 H1N1 was detected in any of the 24 children between the ages of 6 months to 9 years who were vaccinated with live attenuated influenza vaccine ( Table 2 in the Supplementary Appendix). However, only 7 of 24 recipients of the live attenuated vaccine (29%) had an increase by a factor of four or more in the antibody titer against the seasonal vaccine strain, and all the children had a lower postvaccination GMT, as compared with recipients of the inactivated vaccine, as reported previously. 14 Vaccination of 344 adults with inactivated seasonal vaccine resulted in seroconversion against the seasonal H1N1 vaccine strain in 65 of 83 adults between the ages of 18 and 40 years (78%), in 111 of 148 of those between the ages of 18 and 64 years (75%), and in 9 of 49 (18%) and 34 of 63 (54%) of those 60 years of age or older, depending on the year (Table 1) . Seroconversion to antibodies against 2009 H1N1 was observed in 10 of 83 adults (12%) between the ages of 18 and 40 years, in 33 of 148 adults (22%) between the ages of 18 and 64 years, and in 3 of 63 (5%) or none of 50 adults 60 years of age or older, depending on the year. The ratios between the GMT after vaccination to the GMT before vaccination for the response to 2009 H1N1 ranged from 1 to 2 in both the adult and older-adult age groups, as compared with the GMT ratios observed for the seasonal H1N1 vaccine component ranging from 2 to 19 (Table 3 in Table 3 in the Supplementary Appendix).
We next determined whether the seasonal inactivated vaccine that was formulated with oilin-water adjuvants would enhance the level of cross-reactive antibody response to 2009 H1N1 when administered as a single dose to adults or as two doses to children. Only a modest increase in cross-reactive antibody response against 2009 H1N1 was detected in serum samples from 45 children between the ages of 6 months and 59 months who received the 2008-2009 inactivated vaccine formulated with an oil-in-water adjuvant (Table 1) adults, although a formulation of the seasonal inactivated vaccines with oil-in-water adjuvants provided either a dose-sparing benefit or an enhanced rate of seroconversion to the seasonal H1N1 vaccine component, the adjuvanted vaccines showed no substantial enhancement of the cross-reactive antibody response to 2009 H1N1 ( Table 4 in the Supplementary Appendix). 
cross-reactive Antibody Response from Previous Infection or Vaccination
To further investigate the age distribution of crossreactive neutralizing antibodies against 2009 H1N1 in U.S. populations, we tested a collection of 417 samples from anonymous donors born between 1880 and 2004 for antibodies against 2009 H1N1. The peak of antibody responses, presented as the frequency of titer achievement, occurred in 11 donors who were born between 1910 and 1929 (100% with titers of 80 or more), although the study was limited by the small number of samples from donors born between 1880 and 1920 (Fig. 1) . The cumulative GMT, which includes data from subjects born in any one decade and those born in previous decades, peaked in the 1920s and gradually declined afterward. Approximately 39 of 115 subjects (34%) who were born before 1950 had antibody titers of 80 or more against 2009 H1N1. However, only 4 of 107 subjects (4%) who were born after 1980 had titers of 40 or more.
In 1976, approximately 20% of the U.S. population was immunized with the A/NJ/76 (H1N1) vaccine. 15 We tested archived serum samples from 83 adults who were at least 25 years of age at the time that the sample was obtained and who had received one dose (400 chicken-cell agglutinating units) of a monovalent, split A/NJ/76 vaccine. 16 Vaccination with the A/NJ/76 vaccine resulted in seroconversion to antibodies against A/NJ/76 virus in 67 subjects (81%) and a corresponding seroconversion to antibodies against 2009 H1N1 in 45 subjects (54%) ( Table 5 in the Supplementary Appendix). Whereas 59 subjects (71%) achieved a postvaccination microneutralization antibody titer of 160 or more against the vaccine strain, 52 subjects (63%) achieved a postvaccination antibody titer of 160 or more against 
Discussion
The data from our study indicate that vaccination with contemporary seasonal influenza vaccines, even when formulated with oil-in-water adjuvants, provide little or no benefit to any age group with respect to an increase in cross-reactive neutralizing antibodies against 2009 H1N1. These findings are consistent with the substantial degree of genetic divergence of the pandemic H1N1 viruses of swine origin, as compared with recent seasonal human H1N1 viruses. 2 Although adjuvants enhanced serologic cross-clade reactivity of H5N1 two-dose vaccines, the degree of genetic identity between H5N1 clades is considerably higher (96 to 97%) than that for the pandemic H1N1 and seasonal H1N1 viruses. 17-19 Children had little evidence of cross-reactive antibodies to 2009 H1N1, but some degree of preexisting immunity to 2009 H1N1 existed, especially in older adults. Although the relatively small number of serum samples from pediatric trials was a limitation of our study, none of the seasonal vaccine formulations that we tested elicited a cross-reactive antibody response against 2009 H1N1. Subjects who were born before 1930, who were probably exposed to a 1918-like H1N1 virus, had the highest titers against 2009 H1N1. The presence of antibody titers of 80 or more against 2009 H1N1 in 34% of subjects who were born before 1950 is consistent with the higher frequency of prevaccination antibody titers of 80 or more against 2009 H1N1 that were detected in older adults in studies of seasonal influenza vaccines in the United States. These data suggest that exposure to a 1918-like H1N1 virus contributed to the induction of the cross-reactive antibody response to 2009 H1N1. Furthermore, the data confirm the presence of some level of cross-reactive antibody in persons 60 years or more of age and the lack of such antibody in children and adults. This finding is consistent with those of previous studies show- ing a similar effect for birth-year cohort on serum antibody responses to classical swine H1N1 viruses. These studies also showed that survivors of the 1918 pandemic had antibodies that neutralized the closely related A/swine/Iowa/30 virus. 6, [20] [21] [22] [23] [24] Furthermore, present-day subjects who were exposed to the 1918 virus had high-affinity neutralizing antibodies against epitopes on the hemagglutinin globular head that are conserved in both 1918 and A/swine/Iowa/30 viruses but not in human H1N1 viruses that circulated in the 1940s. 25 Recently, Itoh et al. 26 reported similar findings in that serum donors from Japan who were probably exposed to the 1918 virus or a closely related H1N1 virus had high levels of neutralizing antibodies against 2009 H1N1. However, in contrast to our findings, no appreciable cross-reactive antibody was detected in subjects born after 1920. These differences between the two studies may reflect differences in methodology or vaccination coverage rates in older adults, including receipt of the 1976 swine influenza vaccine in older adults in the United States. Likewise, the overall increased prevaccination titers for antibodies against 2009 H1N1 that we observed in older adults in the United States, as compared with their European counterparts, may reflect similar disparities in influenza vaccination history (Table 1) . Priming by previous natural infection with human H1N1 viruses in adults who were immunized with swine-origin A/NJ/76 (H1N1) virus vaccine probably contributed to the observed crossreactive antibody response against 2009 H1N1. Serum samples from a small number of children between the ages of 6 months and 4 years who had had no previous exposure to the H1N1 virus and who received two doses (40 to 200 chickencell agglutinating units) of the A/NJ/76 vaccine had only modest cross-reactive antibodies against 2009 H1N1. (Only 2 of 10 subjects had seroconversion with a microneutralization antibody titer of 40 or more against 2009 H1N1, although all 10 children had seroconversion to antibodies against the A/NJ/76 virus.) It is possible that residual antibody that was induced by A/NJ/76 vaccination of adults may contribute to the observed cross-reactive antibody response in some older adults.
In a representative proportion of U.S. subjects with laboratory-confirmed 2009 H1N1 infection for whom age was known, approximately 79% of cases occurred in subjects who were under the age of 30 years, whereas only 2% of confirmed cases were identified in those who were over 60 years of age. Therefore, the age distribution of laboratory-confirmed 2009 H1N1 infections is consistent with the observed lack of preexisting antibodies in children and adults and suggests one reason that older adults represent a minor proportion of reported cases: that cross-reactive antibody responses may provide protection against disease in this age group. Although we assessed only neutralizing antibody against 2009 H1N1 hemagglutinin, it is possible that heterotypic immunity to influenza from antibody against the neuraminidase or cellular responses to highly conserved viral epitopes may also contribute to the apparent protective effect in older adults. 27 Another possibility is that 2009 H1N1 has not yet spread to this older age group from populations that lack cross-reactive antibodies.
It remains clear that optimal protection against 2009 H1N1 in persons of all ages will be achieved with the development of a strain-specific pandemic vaccine. Whether a one-dose or a two-dose vaccine regimen is needed to adequately immunize various age groups and whether the use of adjuvants will broaden the immune response against 2009 H1N1 if drifted strains emerge or provide dose-sparing benefits will ultimately be determined by the results of clinical studies that are now under way.
